INTRODUCTION
============

Huntington's disease (HD) is originally termed as Huntington's chorea, because of the characteristic involuntary movements. HD is a chronic neurodegenerative disorder, which is inherited in an autosomal dominant fashion ([@b21-jer-11-1-5]). The degenerative process primarily involves medium spiny striatal neurons, and to a lesser extent, cortical neurons. Enkephalin neurons in the basal ganglia are the most vulnerable site for HD, and their early dysfunction is responsible for chorea development ([@b17-jer-11-1-5]).

HD is a neurodegenerative hereditary illness originated by the mutation of the gene encoding the huntingtin-protein (htt). Medium spiny striatal neurons are selectively vulnerable to the toxicity of glutamate (excitotoxicity) or its analogues, and excitotoxic neuronal death is suggested to be involved in neurodegeneration associated with HD ([@b2-jer-11-1-5]). Intrastriatal injection of excitotoxins, such as QA, produces a pattern of neuronal cell death that seen in HD patients (Beal et al., 1986).) Therefore, the QA model has frequently been used in both rodents and primates to examine the ability of neurotrophic factors to prevent or minimize the loss of striatal neurons and associated motor and cognitive deficits ([@b7-jer-11-1-5]).

The hippocampus is a key structural element for the learning ability and memory function in the limbic system. Neurogenesis in the hippocampal dentate gyrus occurs throughout post-natal life, including adult life, and neurogenesis is influenced by the environment factors. Adult hippocampal neurogenesis is composed of several developmental stages, and various characteristic neuronal markers are expressed during neurogenesis ([@b9-jer-11-1-5]). Among these neuronal markers, doublecortin (DCX) is a brain-specific microtubule-associated protein and DCX is considered as the immature neuronal marker ([@b14-jer-11-1-5]; [@b3-jer-11-1-5]).

Cerebral cortex and striatum are the brain areas vulnerable to HD, and hippocampal dysfunction is also suggested as the pathogenesis of HD ([@b20-jer-11-1-5]). Adult hippocampal neurogenesis and synaptic plasticity is disrupted in HD mice ([@b20-jer-11-1-5]).

Another molecular pathogenesis related to the hippocampus of HD mice is decrement in brain-derived neurotrophic factor (BDNF) ([@b25-jer-11-1-5]). BDNF is associated with hippocampal synaptic plasticity and neurogenesis, and it is implicated in the hippocampal-dependent learning process ([@b20-jer-11-1-5]). BDNF dysregulation is one of the main etiological mechanisms in HD and other neurodegenerative diseases ([@b23-jer-11-1-5]; [@b26-jer-11-1-5]). BDNF binds to tyrosine-kinase receptor type 2 (TrkB), and then activates signaling pathways ([@b5-jer-11-1-5]).

Neuroprotective effects of exercise on various brain insults are well documented ([@b12-jer-11-1-5]; [@b15-jer-11-1-5]; [@b19-jer-11-1-5]; [@b22-jer-11-1-5]). However, the effects of treadmill exercise on HD are not clarified. In the present study, we evaluated the effect of treadmill exercise on short-term memory in relation with neurogenesis in the hippocampus using QA-induced HD rats. For this study, step-down avoidance task, immunohistochemistry, and western blot were conducted.

MATERIALS AND METHODS
=====================

Animals and treatments
----------------------

Female Sprague-Dawley rats (210±10 g, 6 weeks old) were used for this study, and the experimental procedures were performed in accordance with the animal care guidelines of the National Institute of Health (NIH) and the Korean Academy of Medical Sciences. The animals were housed under controlled temperature (23±2°C) and lighting (08:00 to 20:00 h) conditions with food and water available *ad libitum*. The animals were randomly divided into four groups (n=10 in each group): sham-operation group, the sham-operation and treadmill exercise group, the HD-induced group, and the HD-induced and treadmill exercise group.

Induction of HD model
---------------------

HD was induced using a previously described procedure ([@b16-jer-11-1-5]). In brief, the rats were anesthetized with Zoletil 50^®^ (10 mg/kg, i.p.; Vibac Laboratories, Carros, France) and prepared for surgery. When the rats was unresponsive (no ocular or pedal reflexes), the head was shaved and placed into a digital stereotaxic device (stereotaxic frame, Benchmark Deluxe^TM^; MyNeurolab, St. Louis, MO, USA). They were positioned in a stereotaxic apparatus, and unilateral intrastriatal injection of quinolinic acid (2 μL of 100 nmol) was conducted using a Hamilton syringe according to the following coordinates: AP +0.7 mm, L +2.8 mm, and V −6.0 mm, from bregma. Body temperature was maintained at 37±1°C during the procedure using a rectal probe and a heating pad. The rats were kept warm with heating lamps for 2 h after surgery and then placed in single cages in the postoperative room to recover. Free access to food and water was allowed after recovery from anesthesia. Neurological and health statuses were monitored for 1 week until normal feeding resumed and postoperative weight had been achieved. The rats in the sham-operation group and in the sham-operation and treadmill exercise group were treated identically, but injected with the same volume of normal saline.

Treadmill exercise protocol
---------------------------

The rats in the treadmill exercise groups were subjected to run on a treadmill for 30 min once a day for 14 days. Exercise load for the running group consisted of running at a speed of 2 meters/min for the first 5 min, at a speed of 5 meters/min for the next 5 min, and then at a speed of 8 meters/min for the last 20 min, with the 0° inclination.

Step-down avoidance test
------------------------

The latency of the step-down avoidance test was determined to evaluate the short-term memory, according to the previously described method ([@b6-jer-11-1-5]). The rats were placed on a 7×25 cm platform, which was 2.5 cm high. The platform faced a 42×25 cm grid of parallel 0.1 cm-caliber stainless steel bars spaced 1 cm apart. In training session, the animals received a 0.5 mA scramble foot shock for 2 sec immediately upon stepping down. Two hours after training, the latency (sec) was determined. The interval between the rats stepping down and placing all four paws on the grid was defined as the latency time. Latency over 300 sec was counted as 300 sec.

Tissue preparation
------------------

The rats were sacrificed 15 days after the starting of experiment, immediately after step-down avoidance task. To begin the sacrifice process, the animals were fully anesthetized using Zoletil 50^®^ (10 mg/kg, i.p.; Vibac Laboratories, Carros, France). The anesthetized rats were transcardially perfused with 50 mM phosphate-buffered saline (PBS), and fixed with a freshly prepared solution consisting of 4%paraformaldehyde (PFA) in 100 mM phosphate buffer (PB) at pH 7.4. Brains were dissected, post-fixed in the same fixative overnight, and transferred to 30% sucrose for cryoprotection. Coronal sections of 40 μm thickness were made with a freezing microtome (Leica, Nussloch, Germany). The sections were finally mounted onto gelatin-coated slides. The slides were air-dried overnight at room temperature, and the coverslips were mounted using Permount^®^ (Fisher Scientific, Fair Lawn, NJ, USA).

BrdU immunohistochemistry
-------------------------

BrdU immunohistochemistry was used for the detection of newly generated cells in the hippocampal dentate gyrus, as the previously described method ([@b13-jer-11-1-5]). In brief, the sections were initially permeabilized by incubation in 0.5% Triton X-100 in PBS for 20 min, then pretreated with 50% formamide-2×standard saline citrate (SSC) at 65°C for 2 h, denaturated in 2N HCl at 37°C for 30 min, and rinsed twice in 100 mM sodium borate (pH 8.5). Afterwards, the sections were incubated overnight at 4°C with BrdU-specific mouse monoclonal antibody (1:600; Roche, Mannheim, Germany). The sections were then washed three times with PBS and incubated for 1 h with a biotinylated mouse secondary antibody (1:200; Vector Laboratories, Burlingame, CA, USA). The sections were then incubated for another 1 h with avidin-peroxidase complex (1:100; Vector Laboratories). For visualization, the sections were incubated in 50 mM Tris-HCl (pH 7.6) containing 0.03% H~2~O~2~, 0.02% 3,3′-diaminobenzidine (DAB), and 40 mg/mL nickel chloride (nickel-DAB) for 5 min.

After BrdU-specific staining, we performed counter-staining on the same sections using a mouse anti-neuronal nuclei (NeuN) antibody (1:1,000; Chemicon International, Temecula, CA, USA). The sections were then washed three times with PBS, incubated for 1 h with a biotinylated anti-mouse secondary antibody, and processed with the VECTASTAIN^®^ ABC Kit (1:100; Vector Laboratories). For staining, the sections were allowed to react with 0.02% DAB and 0.03% H~2~O~2~ in 50 mM Tris-HCl (pH 7.6) for 5 min and the sections were finally mounted onto gelatin-coated slides. The slides were air-dried overnight at room temperature, and the coverslips were mounted using Permount^®^ (Fisher Scientific).

DCX immunohistochemistry
------------------------

DCX immunohistochemistry was performed, according to a previously described method ([@b11-jer-11-1-5]). The sections were washed with 0.1 M PBS (pH 7.4), then immersed in a 3% H~2~O~2~ and 20% methanol in PBS solution, washed in PBS and incubated for 48 h at 4°C with the α-doublecortin antibody (1 μg/mL; Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted in a blocking solution of 3% normal donkey serum in PBS. The slices were washed in PBS and in 0.05% Tween 20 in PBS for 15 min before incubation with donkey α-goat biotinylated antibody for 1 h at room temperature (Chemicon) diluted in the blocking solution. The slices were washed in PBS before incubation with ABC Elite kit (Vector Laboratories) for 1 h, washed again in PBS, and incubated with DAB with 0.03% hydrogen peroxide for 5 min. The sections were mounted onto gelatin-coated slides, air-dried overnight at room temperature, and coverslips were mounted using Permount^®^ (Fisher Scientific).

Western blot analysis BDNF and Trk-B
------------------------------------

Western blot was conducted as the previously described method ([@b13-jer-11-1-5]). The hippocampal tissues were collected, and then were immediately frozen at −70°C. The hippocampal tissues were homogenized on ice, and lysed in a lysis buffer containing 50 mM HEPES (pH 7.5), 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1 mM PMSF, 1 mM EGTA, 1.5 mM MgCl~2~ 6H~2~O, 1 mM sodium orthovanadate, and 100 mM sodium flouride. Protein content was measured using a Bio-Rad colorimetric protein assay kit (Bio-Rad). Protein (30 μg) was separated on SDS-polyacrylamide gels and transferred onto a nitrocellulose membrane.

Mouse beta-actin antibody (1:500; Santa Cruz Biotechnology), rabbit BDNF antibody (1:1,000; Santa Cruz Biotech), and rabbit Trk-B antibody (1:1,000; Santa Cruz Biotechnology) were used as the primary antibodies. Horseradish peroxidase-conjugated anti-mouse antibody for beat-actin and anti-rabbit antibody for BDNF and Trk-B (1:3,000; Vector Laboratories) were used as the secondary antibodies. Experiment was performed in normal lab conditions and at room temperature except membrane transfer. Membrane transfer was performed at 4°C with the cold pack and pre-chilled buffer. Band detection was performed using the enhanced chemiluminescence (ECL) detection kit (Santa Cruz Biotechnology).

Data analysis
-------------

The number of BrdU-positive and DCX-positive cells in the hippocampal dentate gyrus were counted hemilaterally under a light microscope (Olympus, Tokyo, Japan), and they were expressed as the numbers of cells per mm^2^ in the hippocampal dentate gyrus. To compare the relative expressions of BDNF and TrkB the detected bands were calculated densitometrically using Image-Pro^®^ Plus software (Media Cybernetics, Silver Spring, MD, USA). Statistical analysis was performed using one-way ANOVA followed by Duncan's post-hoc test. The results are presented as the mean±standard error of the mean (SEM). Significance was set as *P*\<0.05.

RESULTS
=======

Effect of treadmill exercise on the short-term memory in the step-down avoidance test
-------------------------------------------------------------------------------------

The latency time in the step-down avoidance test is presented in [Fig. 1](#f1-jer-11-1-5){ref-type="fig"}. The latency was 131.37±16.41 sec in the sham-operation group, 160.83±12.92 sec in the sham-operation and treadmill exercise group, 22.66±3.77 sec in the HD-induced group, and 71.12±16.74 sec in the HD-induced and treadmill exercise group. The present results indicated that the latency in the HD-induced group was decreased compared to the sham-operation group (*P*\<0.05). However, treadmill exercise significantly increased the latency in the rats of the HD-induced group (*P*\<0.05).

Effect of treadmill exercise on the hippocampal neurogenesis
------------------------------------------------------------

The effect of treadmill exercise on the neurogenesis in the hippocampal dentate gyrus is presented in [Fig. 2](#f2-jer-11-1-5){ref-type="fig"}. The number of BrdU-positive cells in the hippocampal dentate gyrus was 76.85±6.04 in the sham-operation group, 96.10±11.40 in the sham-operation and treadmill exercise group, 31.29±4.09 in the HD-induced group, and 54.62±4.83 in the HD-induced and treadmill exercise group. The present results indicated that the number of BrdU-positive cells in the hippocampal dentate gyrus was decreased in the HD-induced group compared to the sham-operation group (*P*\<0.05). In contrast, treadmill exercise significantly increased the number of BrdU-positive cells in the rats of the HD-induced group (*P*\<0.05).

Effect of treadmill exercise on the hippocampal neuronal marker
---------------------------------------------------------------

The effect of treadmill exercise on the neuronal marker in the hippocampal dentate gyrus is presented in [Fig. 3](#f3-jer-11-1-5){ref-type="fig"}. The number of DCX-positive cells in the hippocampal dentate gyrus was 256.30±11.27 in the sham-operation group, 303.91±23.32 in the sham-operation and treadmill exercise group, 154.35±6.82 in the HD-induced group, and 226.33±20.03 in the HD-induced and treadmill exercise group. The present results indicated that the number of DCX-positive cells in the hippocampal dentate gyrus was decreased in the HD-induced group compared to the sham-operation group (*P*\<0.05). In contrast, treadmill exercise significantly increased the number of DCX-positive cells in the rats of the HD-induced group (*P*\<0.05).

Effect of treadmill exercise on the BDNF and TrkB expression in the hippocampus
-------------------------------------------------------------------------------

The effect of treadmill exercise on the level of BDNF and TrkB protein in the hippocampus was analyzed is presented in [Fig. 4](#f4-jer-11-1-5){ref-type="fig"}. When the level of BDNF (14 kDa) in the sham-operation group was set as 1.00, the level of BDNF was 1.28±0.04 in the sham-operation and treadmill exercise group, 0.75±0.03 in the HD-induced group, and 0.92±0.01 in the HD-induced and treadmill exercise group.

When the level of mature TrkB (95 kDa) in the sham-operation group was set as 1.00, the level of TrkB was 1.04±0.01 in the sham-operation and treadmill exercise group, 0.39±0.00 in the HD-induced group, and 0.74±0.01 in the HD-induced and treadmill exercise group. The present results indicated that BDNF and TrkB expression in the hippocampus was significantly decreased in the HD-induced group compared to the sham-operation group (*P*\<0.05). In contrast, treadmill exercise significantly increased the BDNF and TrkB expression in the rats of the HD-induced group (*P*\<0.05).

DISCUSSION
==========

HD is a dominantly inherited disorder, characterized by progressive neurodegeneration in the striatum and other brain regions ([@b10-jer-11-1-5]). Excitotoxicity has been suggested to induce neurodegeneration associated with HD ([@b2-jer-11-1-5]). QA-induced HD animal model showed HD-like symptoms, such as deficits in learning ability and rota-rod performance ([@b8-jer-11-1-5]). In the present results, short-term memory was deteriorated in the QA-induced HD rats.

Reduced level of BDNF in the hippocampus was observed in the HD mice ([@b18-jer-11-1-5]). Reduced BDNF expression in the HD brain accompanied with the shrinkage of hippocampus in the late-stage HD patients ([@b25-jer-11-1-5]). Decrement of hippocampal volume in the mice model of HD was caused by suppression of cell proliferation ([@b4-jer-11-1-5]; [@b25-jer-11-1-5]). In the present results, cell proliferation in the hippocampal dentate gyrus was decreased, furthermore BDNF and TrkB expression was also suppressed in the HD rats.

Treadmill exercise increases production of neurotrophic factors in the brain, and through this mechanism, treadmill exercise improves learning ability and memory function ([@b1-jer-11-1-5]; [@b13-jer-11-1-5]; [@b24-jer-11-1-5]). Voluntary wheel running was reported to be effective in delaying the onset of motor and cognitive deficits in the mouse model of HD ([@b18-jer-11-1-5]; [@b25-jer-11-1-5]).

In the present study, treadmill exercise alleviated QA-induced short-term memory impairment in HD rats. Treadmill exercise increased cell proliferation in the hippocampal dentate gyrus through enhancing BDNF expression in the HD rats. These results revealed that treadmill exercise is effective for the symptom improvement in the HD patients.
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![Effect of treadmill exercise on the short-term memory in the step-down avoidance test. (A) Sham-operation group, (B) sham-operation and treadmill exercise group, (C) Huntington's disease (HD)-induced group, and (D) HD-induced and treadmill exercise group. \*represents *P*\< 0.05 compared to the sham-operation group. ^\#^represents *P*\< 0.05 compared to the HD-induced group. The data are expressed as the mean± standard error of the mean (SEM).](jer-11-1-5f1){#f1-jer-11-1-5}

![Effect of treadmill exercise on the cell proliferation in the hippocampal dentate gyrus. Upper: Photomicrographs of 5-bromo-2′-deoxyuridine (BrdU)-positive cells. The scale bar represents 50 µm. Lower: Number of BrdU-positive cells in each group. (A) Sham-operation group, (B) sham-operation and treadmill exercise group, (C) Huntington's disease (HD)-induced group, and (D) HD-induced and treadmill exercise group. \*represents *P*\< 0.05 compared to the sham-operation group. ^\#^represents *P* \< 0.05 compared to the HD-induced group. The data are expressed as the mean± standard error of the mean (SEM).](jer-11-1-5f2){#f2-jer-11-1-5}

![Effect of treadmill exercise on the doublecortin (DCX) expression in the hippocampal dentate gyrus. Upper: Photomicrographs of DCX-positive cells. The scale bar represents 50 µm. Lower: Number of DCX-positive cells in each group. (A) Sham-operation group, (B) sham-operation and treadmill exercise group, (C) Huntington's disease (HD)-induced group, and (D) HD-induced and treadmill exercise group. \*represents *P*\< 0.05 compared to the sham-operation group. ^\#^represents *P*\< 0.05 compared to the HD-induced group. The data are expressed as the mean ± standard error of the mean (SEM).](jer-11-1-5f3){#f3-jer-11-1-5}

![Effect of treadmill exercise on the brain-derived neurotrophic factor (BDNF) and tyrosine kinase B (TrkB) expression in the hippocampus. Upper: Western blot analysis of BDNF and TrkB in the hippocampus. Left lower: Mean optical density of BDNF expression in each group. Right lower: Mean optical density of TrkB expression in each group. (A) Sham-operation group, (B) sham-operation and treadmill exercise group, (C) Huntington's disease (HD)-induced group, and (D) HD-induced and treadmill exercise group. \*represents *P*\< 0.05 compared to the sham-operation group. ^\#^represents *P*\< 0.05 compared to the HD-induced group. The data are expressed as the mean± standard error of the mean (SEM).](jer-11-1-5f4){#f4-jer-11-1-5}
